SUMMARY The intestinal absorption and mucosal hydrolysis of a partial and a complete a-amylase hydrolysate of corn starch, simulating the normal intermediary and end products of luminal starch digestion, was studied using an in vivo steady state jejunal perfusion technique in normal human subjects. Alpha-amylase was excluded from the test segment by proximal balloon occlusion. Products of hydrolysis during intestinal perfusion were identified using gel permeation chromatography. Three isocaloric, isotonic sugar saline solutions containing 140 mM glucose, 70 mM maltose and the partial amylase hydrolysate of starch (51.5± 14% of glucose content comprising glucose polymers of more than 10 glucose units) were perfused in the first study. Net glucose absorption during perfusion of the partial hydrolysate and free glucose was similar, but significantly faster from maltose (p<005). Hydrolysis of the polymer fraction containing more than 10 glucose units was significantly slower (29.5+±2.0% of infused load) than the lower molecular weight fraction (56 4±3.8%, p<0.001). As net glucose absorption from the partial hydrolysate was similar to that from glucose, despite the slow hydrolysis of the higher molecular weight fraction, it seemed likely that oligosaccharides in the more rapidly hydrolysed lower molecular weight fractions were exerting a kinetic advantage on glucose absorption. This was confirmed in a second study, where glucose absorption from a complete amylase hydrolysate consisting predominantly of maltose, maltotriose and a-limit dextrins, occurred significantly faster (81-8±4.8 mmol/h/25 cm) than from isocaloric free glucose (55 8±4.9 mmol/h/25 cm, p<0.001). Chromatograms of intestinal aspirates suggested that (1-is4), but not (1--6) linked oligosaccharides liberated during luminal and brush-border hydrolysis of dietary starch conferred a kinetic advantage on glucose absorption.
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The digestion of dietary starch has a luminal phase involving salivary and pancreatic a-amylase and a subsequent membrane phase involving mucosal brush-border oligosaccharide hydrolases. As a result, the starches are completely hydrolysed to the monosaccharide D-glucose, the only form in which nutritionally significant absorption occurs.1
There is still a good deal of speculation concerning the interrelationships between the brush-border hydrolysis of the products of luminal starch hydrolysis and glucose transport. Intestinal perfusion experiments were performed in 12 normal volunteers (nine men, three women, ages 21-23 years), some of whom took part in both phases of the study on different days. After an overnight fast, each subject was intubated on the morning of the experiment with a double lumen perfusion tube incorporating a proximal occlusive balloon. The tube was allowed to pass until the infusion port was distal to the duodenojejunal flexure. The final position of the tube was checked radiologically, so that the 25 cm perfusion segment lay in the proximal jejunum.9--The perfusion solutions were pumped at 20 ml/min through the infusion port by a peristaltic pump (H R Flow Inducer, Watson-Marlow Limited, Marlow, Bucks, England) from bottles maintained at 37°C in a water bath. After an equilibration period of 30 minutes three 10 minute samples were collected from the distal collecting port by syphonage. The samples were collected into a container kept chilled with crushed ice.
The nature of the study was explained fully to each subject and ethical approval was obtained from the Ethical Committees at the Middlesex Hospital Medical School and the Central Middlesex Hospital, London.
EXPERIMENTAL DESIGN
(1) Partial amylase hydrolysate of starch Jejunal perfusion experiments were performed to investigate the in vivo (brush-border) hydrolysis of the partial amylase hydrolysate of starch in the absence of luminal a-amylase activity and to compare the rates of glucose absorption from this preparation with the rates of glucose absorption from equivalent maltose and free glucose solutions. Each subject was perfused with three sugar-saline solutions in random order on the same day. Solutions contained either (1) 140 mM glucose, (2) 70 mM maltose, or (3) the partial amylase hydrolysate of starch. All solutions yielded 140. mmol/l free glucose after complete hydrolysis and to render them isotonic with plasma, 73, 110 and 138 mmol/l NaCl were added respectively.
(2) Complete amylase hydrolysate of starch Jejunal perfusion experiments were performed to investigate the in vivo intestinal hydrolysis of the complete amylase hydrolysate of starch and to compare the rate of glucose absorption from this preparation with that from the partial amylase hydrolysate and an equivalent free glucose solution.
Thus a further group of subjects was perfused, each subject receiving the three sugar-saline solutions in random order on the same day. Solutions contained either (1) 140 mmol/l glucose, (2) the partial amylase hydrolysate of starch, or (3) the complete amylase hydrolysate of starch. Again all three solutions yielded 140 mmol/l free glucose after complete hydrolysis and contained 1 uCi 14C PEG 4000/1 as a non-absorbable marker.12 ANALYTICAL TECHNIQUE Luminal amylase activity Intestinal contents aspirated during intestinal perfusion of the partial c-amylase hydrolysate of starch were assayed for a-amylase activity. The method used (Phadebas Amylase Test Kit, Pharmacia, Mannheim) described in detail elsewhere13 was capable of detecting a-amylase activity in undiluted samples down to an activity of 37 IU/l. All data reported in this paper pertaining to the intestinal assimilation of the partial amylase hydrolysate of starch were derived from the assay of intestinal aspirates found to be free of detectable v-amylase activity using this method.
Free glucose estimation Free glucose content of the test solutions and of the jejunal aspirates was assayed by the Hexokinase UV method using the Boehringer Hexokinase Kit (Boehringer Mannheim). Ultraviolet absorption of the reaction mixture was measured at 340 nm with an UV Spectrophotometer (Pye-Unicam Limited, Cambridge, England).
Quantitative enzymatic hydrolysis of maltose and the starch hydrolysates Total glucose content of test solutions containing maltose, the two starch hydrolysates and their respective aspirates was assayed by the Hexokinase method after complete hydrolysis with amyloglucosidase (1,4-a-D-glucan glucohydrolase EC 3.2.1.1. Aspergillus niger, Boehringer Mannheim).
A 0.5 ml solution to be assayed (dilution 1 in 15)
was added to 1 ml acetate buffer at pH 2.8, 0-06 ml distilled water and 0.04 ml amyloglucosidase (10 mg/ml) and incubated for one hour at 37°C after which 0.4 ml of 0. The chromatographic profile of the partial amylase hydrolysate aspirates is shown in Fig. 1B and can be compared with the profile of the infused material (Fig. 1A) . Appropriate dilutions were loaded onto the column in order to obtain a satisfactory chromatographic response and thus direct quantitative comparison of individual peaks within one chromatogram with those of another is not possible without first correcting for water absorption and total glucose content as described under 'calculations'. Thus the >G10 fraction of the partial amylase hydrolysate was hydrolysed even in the absence of luminal amylase activity as defined by our assay (Table 1) .
There was also an obvious diminution of the G3-G10 fractions and an increase in the free glucose peak (G1), the end product of oligosaccharide brush-border hydrolysis. Both the extent (p<0-001) and the net rates (p<002) of hydrolysis of the infused G3-G10 fraction were significantly greater than the extent and rate of hydrolysis of the higher molecular weight (>G10) fraction (table 1) . Net Fig. 2A . Compared with the profile of the partial hydrolysate (Fig. 1A) there was a marked diminution in the peak area of the >G10 fraction with a preponderance of maltotriose (G3) and maltose (G2). A representative chromatographic profile of the intestinal aspirates obtained during perfusion of the complete amylase hydrolysate is shown in Fig.  2B . Compared with the profile of the infused material ( Fig. 2A) glucose peak (G1) and this rise was more marked than the equivalent rise noted during partial amylase hydrolysate infusion (Fig. 1B) . Additional peaks appeared in the G2 and G3 fractions and were identified as representing the luminal accumulation of isomaltose and isomaltotriose containing (1-+6) a-D-glycoside linkages as determined by the well defined elution positions of these sugars based upon repeated calibration. These oligosaccharides are presumed to have arisen by brush-border hydrolysis of infused material.
Quantitatively, the complete ax-amylase hydrolysate was hydrolysed significantly faster (95.4±5.4 mmol glucose/h/25 cm) than the partial amylase hydrolysate (67.9±3.0, p<0-01, n=5) (see Tables 1  and 2 ). The extent and rates of hydrolysis of the various fractions of the complete a-amylase hydrolysate are shown in Table 3 .
It should be noted that in all these experiments quantitation of the hydrolysis rates of the lower molecular weight fractions of both the partial and complete amylase hydrolysates of starch will be an underestimate because of the transitory additions to these fractions that occur consequent upon hydrolysis of the higher molecular weight fractions.
Nevertheless, both the extent and rate of hydrolysis of the G3 (80.1±1.8% and 48.7±1-9 mmol glucose/h/25 cm) fraction reflect efficient hydrolysis during perfusion, with both the extent (p<0-01) and rate (p<OO1) of hydrolysis of the G3 fraction exceeding that of the G2 fraction which was also hydrolysed with great efficiency (Table 3) .
GLUCOSE ABSORPTION (MMOL/H/25 CM) FROM THE COMPLETE AMYLASE HYDROLYSATE OF STARCH
In contrast with the results of the perfusions with the partial amylase hydrolysate, net glucose absorption occurred significantly faster from the complete a-amylase hydrolysate (81-8±4-8) than from the free glucose solution (55.8±4.9, p<OOO1, n=6, Table 2 ). Net uptake of glucose also occurred significantly faster from the complete hydrolysate (81 1±5.9) than the partial hydrolysate (64.2±3.8, p<OO1, n=5).
Discussion
The aim of the present study was to determine whether the advantageous relationship which exists between maltose hydrolysis and subsequent glucose absorption57 also occurs during the intestinal absorption of other glucose oligosaccharides. The partial a-amylase hydrolysate of starch was chosen for the first part of the study because it was found by gel germeation chromatography to consist of a heterogeneous mixture of oligosaccharides of which half contained less than 11 glucose units. As the chromatograms suggested that these lower molecular weight oligosaccharides were predominantly linked by (1-*4) glycosidic bonds, this group of sugars would be expected to have a high affinity for intestinal brush-border a-glucoamylase according to in vitro data of Kelly and Alpers.16
In order to study brush-border hydrolysis, rather than luminal hydrolyses of these oligosaccharides, it was necessary to exclude amylase from the test segment with a proximal occlusive balloon. As the assay used to measure amylase activity was only capable of detecting activity of 37 IU/l or greater, we cannot exclude the possibility that luminal contents contained trace activities of this enzyme. In addition, low activities of exocrine pancreatic enzymes can be detected in homogenates of intestinal mucosa indicating adsor tion of these enzymes to intestinal mucosa in vivo. 7 It is probable therefore that residual ac-amylase adherent to the brush-border could have contributed to the mucosal hydrolysis of the partial hydrolysate of starch, particularly in the case of the relatively high molecular weight (>G10) fractions. Despite this possibility, however, hydrolysis of the (>G10) fraction was much slower than that of the lower molecular weight fractions.
This may be attributable in part to slower diffusion through the unstirred water layer'8 of the larger molecular weight fractions in the absence of luminal hydrolysis to smaller saccharides, and partly to the lower affinity of brush-border ax-Dglucosidases (maltases) for the high molecular weight polysaccharides.16
The results showed that net glucose uptake from the partial amylase hydrolysate of starch was similar to that from free glucose. The marked differences, however, between the mucosal hydrolysis of the higher (>G10) and lower molecular weight fractions strongly suggested that the final net value for glucose uptake could only have been achieved if the more efficiently hydrolysed oligosaccharides (maltose, and oligosaccharides in the G3-G10 range) had conferred a kinetic advantage on glucose absorption, thereby counterbalancing the slower hydrolysis of the polysaccharides in the <G10 range.
The second series of experiments was performed to test this hypothesis. A preparation containing mainly low molecular weight oligosaccharides was prepared by complete amylolysis of the heterogenous glucose polymer mixture with a-amylase. The perfusion results confirm that the low molecular weight oligosaccharides confer a kinetic advantage on glucose absorption, as glucose was absorbed faster from the complete amylase hydrolysate than from free glucose. The chromatograms of aspirated jejunal contents clearly show that it was not just maltose that was responsible for conferring the kinetic advantage, because maltotriose disappeared from the gut lumen even faster than maltose.
In contrast with the behaviour of (1-4) linked oligosaccharides in the complete a-amylase hydrolysate, the G4-G1O fraction was hydrolysed poorly ( Table 3 ). The (1-*6) linkages which predominate in this fraction are cleaved by the isomaltase subunit of the hybrid sucrase-isomaltase enzyme. The chromatograms of intestinal contents aspirated during perfusion of the complete amylase hydrolysate showed prominent peaks of (1-+6) linked isomaltose and isomaltotriose (Fig. 2B ), which were not apparent in the chromatograms of the infused material ( Fig. 2A) . This evidence points to the accumulation of smaller molecular residues containing (1-+6) linkages and strongly suggests that hydrolysis of the (1-+6) bond by isomaltase is rate limiting with respect to glucose transport.
Sucrose has also been shown to confer a kinetic advantage on glucose absorption in animals, '9 The possibility that the various sodium contents of the perfused solutions may have had some bearing on the differences found in glucose absorption is unlikely as studies by Olsen and Ingelfinger26 found that glucose transport in vivo was not further influenced by luminal sodium ion concentrations higher than 5 mmol/l.
The most probable explanation for the increased glucose absorption from maltose and other (1) (2) (3) (4) linked oligosaccharides is that liberation of monosaccharide by brush-border enzymes achieves greater local concentrations at glucose transport sites than those achieved by random diffusion of free glucose through the unstirred water layer.23 24 (1->6) linked oligosaccharides are unlikely to contribute to this kinetic advantage because their hydrolysis is rate limiting for absorption.
Not all workers have shown faster glucose absorption from maltose than from free glucose,3 4 but our data accord well with that of recently published human perfusion experiments.7 It is not clear why this discrepancy has arisen although the most probable explanation is variation in experimental technique.7 Extrapolation of data from ,a short segment of perfused jejunum to the intact gut should be undertaken with caution although it is reassuring that the complete amylase hydrolysate of starch used in the present studies closely resembles the profile of a starch meal as it reaches the proximal jejunum in man. 27 The present experiments have all been performed at one concentration, but it is not yet known whether the kinetic advantage demonstrated for oligosaccharides is concentration dependent as has recently been shown with the related phenomenon of amino acid absorption from peptides.28 Moreover, similar gastric emptying rates of isocaloric carbohydrate test meals have been well documented29 and oral tolerance tests have failed to show more rapid glucose absorption from a partial amylase hydrolysate of starch (Caloreen) than from free glucose. 30 In conclusion, our data suggest that (14) but not (1->6) linked glucose oligosaccharides are absorbed from the jejunum more efficiently than free glucose at the concentrations studied. Thus the results of our study represent an interesting physiological phenomenon but it is not possible at present to determine the nutritional or clinical significance of our data with respect to the intact, diseased, or short gut.
